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Abstract
A beta-detected NMR experiment is carried out on a semi-insulating GaAs crystal using a low energy spin polar-
ized 8Li+ beam to investigate the magnetic properties as a function of temperature and depth. The range of depths
probed, from ∼137 nm down to ∼17 nm, coincides with the region of electronic band-bending due to the surface.
We ﬁnd a resonance broadened by the host nuclear dipoles, consistent with an earlier report[6], but using a pulsed
radio frequency scheme, we are able to make higher resolution measurements. We ﬁnd a small negative shift of the
resonance (relative to an MgO reference) at room temperature that is independent of depth. Remarkably, as the tem-
perature is reduced below about 150 K, the resonance shifts negatively and becomes depth dependent, with a larger
negative shift deeper into the sample. This shift saturates below 10 K, i.e. it does not follow a Curie’s law that might
be expected for dilute magnetic impurities. Possible origins are discussed.
Keywords: semiconductor, surface eﬀects, thin ﬁlms, depth-controlled β-nmr
1. Introduction
GaAs is a diamagnetic solid with a small and weakly temperature-dependent magnetic susceptibility[1]. As a
common impurity in semiconductors, studies of Li in GaAs have a long history[2], but little is known about the NMR
of isolated Li in GaAs. Moreover, as one of the best studied semiconductors, GaAs is often used as a substrate, upon
which other materials are grown. For example, it is a lattice–matched substrate for epitaxial growth of a magnetic Fe
overlayer. As a control experiment for measurements on such interesting magnetic heterostructures, it is important to
obtain a detailed understanding of the behaviour of 8Li+ in GaAs.
β-nmr is an eﬀective and sensitive probe to study isolated impurities in semiconductors[3, 4]. In these experiments,
the resonance lineshape is measured using an applied radiofrequency (rf) magnetic ﬁeld. The rf can be applied
continuously (CW) or as shaped pulses, each method having advantages and disadvantages. The CW resonance is
generally subject to power broadening, while the pulsed resonance reproduces the intrinsic lineshape more faithfully,
it is limited to narrow resonances[5]. Early work on GaAs using CW mode ﬁnds a single broad resonance with no
quadrupolar splitting, indicating 8Li+ occupies a cubic site[6]. The resonance does not shift substantially below 300
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K. The linewidth, due to dipolar broadening by the Ga and As nuclear moments, is ∼3 kHz below 200K. Here we
report higher resolution pulsed rf measurements on a diﬀerent semi-insulating GaAs crystal that reveal an unexpected
shift of the 8Li+ NMR that depends on both temperature and depth from the free surface.
2. Experimental
The experiment was carried out at the Isotope Separator and Accelerator (ISAC) facility at TRIUMF using a
radioactive 8Li+ beam with a typical ﬂux of 106 ions/s. The spin 2 8Li nucleus has gyromagnetic ratio γ = 630.15
Hz/G, lifetime τ = 1.21 s, and quadrupole moment Q = +31.4 mb. The sample is a commercial (Wafer Technology)
8×6 mm undoped GaAs crystal with a native oxide layer ∼3 nm thick. The 8Li+ beam with spin polarization along
the ﬁeld (Ho = 2.2 T) was incident with 28 keV energy on the sample in a beam spot ∼3 mm in diameter. Biasing the
spectrometer to a high positive voltage allowed electrostatic deceleration from this maximum implantation energy. A
small pulsed radio frequency (rf) ﬁeld was applied perpendicular to the static ﬁeld. The polarization is destroyed on
resonance, resulting a loss of β asymmetry at resonance. Details of the spectrometer may be found in Ref.[7].
3. Results and Discussion
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Figure 1: β-nmr spectra of the undoped GaAs crystal at 5.5 K with implantation energies of 28 keV (black open squares) and 2 keV (blue close
circles). The resonance shifts negatively without broadening as the beam goes deeper into the GaAs. The blue dashed line is the reference resonance
frequency of 8Li+ in crystalline MgO.
The largest shift occurs at low temperature and is clearly evident in the spectra at 5.5 K in Fig. 1. The shift at 2
keV amounts to about −40 ppm relative to the resonance position in crystalline MgO, our standard reference material.
We note that the magnitude of this shift is comparable with Knight shifts of 8Li+ in some noble metals[8]. At this
temperature, the shift is also clearly depth dependent with a shift that is more negative at the higher implantation
energy (28 keV) than near the surface (2 keV implantation). The increase of the shift with depth suggests it is a bulk
property of 8Li+ in GaAs.
Fig. 2 shows the resonance spectrum as a function of temperature at 28 keV implantation energy, corresponding
to an average depth of 137 nm. We ﬁt the spectra to a single Lorentzian A(ν) = Aoσ2(4(ν − νo)2 + σ2)−1 where νo,
σ and Ao are the resonance position, width, and amplitude. The resonance shift is calculated as (νo − νre f )/νre f with
νre f the resonance frequency of 8Li in MgO at 300 K, and converted to parts per million (ppm). The ﬁt results are
summarized in Fig.3. As is evident in the spectra, the resonance starts to shift only below 150 K. The negative shift
increases as temperature decreases saturating at about 10 K.
Above 150 K, there is still a small negative temperature independent shift. This is consistent with 71Ga NMR shift
measurements [12, 13]. Shifts in NMRmay arise from screening eﬀects of the magnetic ﬁeld by surrounding electrons,
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Figure 2: Temperature dependence of β-nmr spectra with the full beam energy (28 keV). The resonance frequency shifts negatively when cooled
without broadening. Spectra are vertically oﬀset for clarity.
the so-called chemical or orbital shift. Such shifts are temperature independent and, for Li+, they are generally small
and vary little with the surrounding material[9]. The small shift above 150 K may represent the chemical shift, but
the temperature and depth dependent contribution likely has another explanation. In Ref.[12], Andrianov et al. ﬁnd
the 71Ga shift increases at low temperature, and they excluded a Knight shift. Indeed the carrier concentration is so
low here, a Knight shift seems unreasonable. One can consider whether this shift is due to hyperﬁne ﬁelds from some
dilute magnetic impurities, though this seems unlikely. In this case one would expect the shift to follow Curie’s law,
i.e. inversely with temperature. This is evidently not the case as such a shift would double going from 10 K to 5 K, in
contrast to the observed constant value below 10 K (the ﬁrst two points in the top panel of Fig. 3).
GaAs(001) is a polar surface, so it reconstructs forming dimers. For a clean surface, there appears to be no band-
bending, and the Fermi level is pinned about 0.5 eV above the valence band[10]. The native oxide surface layer
modiﬁes the electronic structure. It may become negatively charged creating a depletion layer in the near surface
region. This may provide an explanation for the depth dependence of the shift. The barrier width can be roughly
estimated using a simple model with a uniform dopant distribution:
w =
√
20Φo
ne
(1)
where  is the static dielectric permittivity, Φo is the barrier height and n is the carrier concentration. Assuming
Φo = 0.52 V[11],  = 13.18 for GaAs, and n ∼ 6 × 107 cm−3 for this semi-insulating GaAs, results in a depletion
region that is much larger than the implantation depth. Thus, this doesn’t provide the correct length scale to explain
our data.
However, one can consider whether there are photoexcited carriers in the near surface region. Visible light is
largely excluded in the spectrometer, but there is some infrared illumination from the beamline upstream, possibly
accounting for a larger n. We note that this GaAs is semi-insulating because it is compensated, with the Fermi level
pinned mid-gap by compensating impurities. Magnetic ﬁeld eﬀects on the far-infrared photoexcitation of compen-
sating impurities in semi-insulating GaAs show interesting and complex behaviour in the conductivity that may be
related to the observed shift[14]. Optically enhanced NMR[15] also reports a light-induced 69Ga hyperﬁne shift in
semi-insulating GaAs. Electrons trapped at the optically relevant defects interact with the nuclear spins. The hyperﬁne
interaction between the localized electrons and surrounding nuclei, which is responsible for the nuclear polarization,
is expected to produce a resonance shift[16].
The linewidth of semi-insulating GaAs is consistent with the nuclear dipolar broadening by nearby Ga and As
nuclear moments. This implies 8Li+ contributing to the resonance are not near any Frenkel pairs created by the
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Figure 3: Temperature dependence of the frequency shift (top panel) and width (bottom) in GaAs.
implantation. Therefore, the shift is unlikely due to the charged particles created by the implantation.
The conduction and valence bands should bend upwards by about 0.2 eV, which could lead to an ionization of the
EL2 deep defect level. It normally is assumed to have concentrations of order 1016 per cubic centimeter. According
to Eq. 1, the band bending results in the barrier width of 100 nm, which is the order of implantation depth. This may
explain the depth dependence of the resonance shift.
4. Conclusions
Pulsed rf β-nmr provides higher frequency resolution for studying the magnetic properties of GaAs. We ﬁnd a
small negative resonance shift at room temperature that becomes more negative as temperature decreases below 150 K.
The low temperature shift is not likely a chemical or Knight shift, nor does it exhibit a Curie temperature dependence.
Its depth dependence suggests it may be related to band-bending at the surface, but the equilibrium carrier density
is too low to explain the observed the length scale. However, a non-equilibrium carrier distribution near the surface,
perhaps caused by unintentional infrared illumination, may bring the length scale down. The mechanism for the shift
remains uncertain.
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